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Abstract. Dust conveyors are used in a wide range of industrial applications. Explosions can be transmitted
through dust conveyors to different parts of a processing facility and thus can cause a large amount of
damage. In order to study the evolution of dust explosions in such conveyors, a numerical model was
developed which combines a front tracking method with a solver for the Euler equations. In this model
the effects of the chemical reactions and of the flow turbulence were summarized in the turbulent burning
velocity of the dust-air mixture. This approach results in a large reduction of the computational effort and
thus allows to study the influence of parameter variations. Here results are presented for corn starch-air
mixtures. The numerical model was first calibrated by comparison with one set of experimental data.
The model was then tested by comparison with different experimental data and the sensitivity of the
model parameters is discussed. Finally calculations were performed for different dust concentrations, flow
velocities and tube lengths.
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1 Introduction
A common feature of most dust handling facilities is the
need to transport dusts between processing steps. Fre-
quently pneumatic dust conveyors, in which the dust par-
ticles are suspended in an air flow, are employed for this
task. Such pneumatic dust conveyors have no moving parts
in the dust-air mixture, eliminating an important possible
ignition source, and can be operated below atmospheric
pressure to ensure that no dust leaks from the transport
system. Equipment to feed the dust into an air stream and
to separate the dust from the air are readily available.
However, from a safety point of view the connections
between the different parts of a processing facility pose
a major hazard. It is through these connections that an
explosion, starting from a flame generated by an ignition
source, can be transmitted from one part of the processing
facility to another. To make matters worse, the connecting
tubes necessarily have a high length to diameter ratio and
the interactions between the flow field and a propagating
flame in such tubes can produce very large flame veloci-
ties and even transition to detonation (Zhang and Grönig
1991). Such rapidly accelerating dust flames in connect-
ing tubes significantly reduce the time available to initiate
counter measures such as fast acting valves or explosion
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suppression systems. At the same time such flames sig-
nificantly increase the overpressure generated during such
explosions. The design of efficient explosion protection sys-
tems therefore requires some means of predicting the flame
propagation and the resulting pressure distributions in the
connecting conveyor tubes.
Several experimental studies of dust explosions in
tubes have been performed and have been reviewed in
(Bartknecht 1987; Eckhoff 1991). In these studies the dust-
air mixture was either generated by blowing compressed
air over a dust layer or by releasing a mixture of com-
pressed air and dust from a reservoir through a set of
nozzles into the test apparatus (Zhang and Grönig 1991;
Kauffman et al. 1984; Pineau et al. 1980; Pineau and Ron-
chail 1987). The resulting dust cloud is, in both cases,
turbulent but has no mean velocity. These static condi-
tions are different from those in pneumatic dust conveyors
which typically operate with mean flow velocities on the
order of 10 to 30 m/s.
Vogl reports experimental results on dust explosions in
pneumatic dust conveyors (Vogl 1992, 1995, 1996). These
experiments were performed in complete dust conveying
systems including a dust feeder and cyclone separator
under realistic operating conditions. Reference measure-
ments employing the usual dust dispersion methods
showed that the method of dispersion had a significant in-
fluence on the resulting flame propagation. In that study
Vogl investigated the influence of tube diameter, tube
length, initial flow velocity and ignition location on the
resulting pressure distribution and on the propagation ve-
locity of the flame front for different dusts over a wide
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range of dust concentrations. One focus of this study was
to determine worst case scenarios and limiting cases.
In an experimental investigation, it is generally impos-
sible to study all possible combinations of the relevant pa-
rameters. However, the experimental data can be used to
calibrate a numerical model for the simulation of the phys-
ical processes involved. Such validated models can then
be used to predict the effects of parameter combinations
not investigated in the experiment (if one remains within
the range of the data base). For the assessment of explo-
sion hazards in industrial facilities, numerical models are
needed which are capable of predicting critical parameters
of explosions, such as the maximum pressure, the rate of
pressure rise and the time delay until the flame reaches
a given position, with reasonable accuracy. At the same
time such models should require only moderate computa-
tional effort in order to permit the study of a wide range of
parameter variations during the design process. In order
to achieve these goals it is necessary to represent some of
the complex details of the physical processes involved in
the propagation and acceleration of turbulent dust flames
by simplified models.
The development of such a model for the simulation
of flame propagation in dust conveyer tubes with a mean
flow velocity and its validation by comparison to the ex-
perimental results of Vogl (1992, 1995, 1996) is described
in the present paper. The model is then applied to the
study of dust conveyer explosions for parameters beyond
those considered by Vogl. The numerical model is based
on a front tracking method (Noh and Woodward 1976;
Hirt and Nichols 1981; Bielert 1994). The main feature of
this method is the explicit tracking of the leading edge of
the turbulent flame zone propagating through the region
of interest. In the model considered here the two major
effects governing the propagation of the flame front are
convective transport of the flame by the flow field and the
propagation of the flame into the unburned mixture.
Hence, to apply the front tracking method the mean
flow field and the propagation velocity of the flame front
sb must be known. Empirical relations are used to repre-
sent this velocity and the optimum values of the empirical
constants involved are determined by comparison with the
experimental results. The flow fields on the two sides of
the flame front are calculated from the Euler equations,
which are solved by a Godunov method. The model as-
sumes that the dust-oxidizer reactions all occur within
the flame front; thus, the need to consider the detailed re-
action kinetics and the stiff partial differential equations
involved is avoided. The composition of the products of
combustion behind the flame is assumed to remain fixed
so that it only needs to be calculated once for each dust-air
mixture considered.
In the experimental studies of dust conveyor explosions
two extreme cases were identified. The highest pressures
and fastest flame propagation velocities were observed for
ignition near the center of the tube used to represent the
conveyor; whereas, ignition near the tube entrance results
in relatively low over pressures and flame velocities. The
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Fig. 1. Experimental setup of Vogl (1995)
propagation of the turbulent flame front on the resulting
numerical simulations was investigated for both ignition
locations. Using the experimentally validated numerical
model additional simulations were then performed for corn
starch-air mixtures to determine the effects of dust con-
centration, initial flow velocity and tube length on dust
conveyor explosions.
A brief description of the experiments of Vogl (1992,
1995, 1996) is first presented below. The development and
validation of the numerical model is described in detail.
The results of the application of the validated model to a
range of conveyor operating conditions are then presented.
2 Experimental investigation
Experimental studies of the propagation of dust flames
in pneumatic conveyors were conducted by Vogl (1992,
1995, 1996) under realistic operating conditions. The ex-
perimental setup is shown schematically in Fig. 1. Air is
drawn through a tube ranging in length from 40 to 48 m by
a variable flow rate suction blower. Near the tube entrance
dust is fed into the air stream by a dust feeder which per-
mits control of the dust concentration in the tube. Dust
and air are separated by a cyclone at the end of the tube
just before the air reaches the blower inlet. Access holes
in the tube spaced at 4 m intervals were equipped with
pressure transducers and optical flame detectors.
In the experiments steady dust-air flow was established
and the actual dust concentration was measured with an
optical dust concentration probe. The dust-air mixture
was then ignited using pyrotechnic igniters with an ig-
nition energy of 1 or 2 kJ. Two ignition positions were
investigated: at the middle of the tube and near the tube
entrance.
The experimental conditions used in Vogl’s investiga-
tion are summarized in Table 1. However, not all possible
combinations of the parameters given in the table were
actually investigated.
The pressure and flame arrival data were used to de-
termine average flame velocities and maximum pressures
as functions of time and position along the tube. The data
published in (Vogl 1992, 1995, 1996) was used to calibrate
and validate the numerical model described in the next
section.
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Table 1. Experimental conditions investigated by Vogl (1995)
dust type corn, wheat, lycopodium
dust concentrations g/m3 75 to 300
tube diameter [mm] 100, 150, 200
tube length m 40, 48, 60
transport velocity [m/s] 15, 20, 25, 30
ignition location entrance, center








Fig. 2. Schematic representation of numerical simulation
3 Numerical model
The system considered in the numerical simulation is
shown schematically in Fig. 2. A dust-air mixture flows
through a straight tube and is ignited somewhere within
the tube. The equipment used in the experimental inves-
tigation to produce the dust-air mixture and to separate
the dust at the downstream end of the tube are not in-
cluded in the model. After ignition two flames will prop-
agate through the tube, one upstream against the inflow-
ing dust-air mixture while the second flame propagates
downstream in the direction of the flow. Both flames gen-
erate pressure waves which, at least initially, propagate
faster than the flames. As these pressure waves propagate
through the tube and are reflected at the tube ends they
interact with other pressure waves and with the flames to
produce a complex pattern of partially reflected and par-
tially transmitted waves. If the pressure waves produced
by the propagating flame accelerate and steepen to form
a single shock a situation can develop in which the flame
and the shock travel with the same velocity and become
coupled to form a detonation-like structure.
3.1 Front tracking method
As indicated in Fig. 2, the propagation of the flames con-
trols the development of the wave structure within the
tube. In the numerical model a front tracking method is
used to calculate the positions of the flames as a func-
tion of time. The front tracking method uses the volume
fraction f, a scalar variable, to describe the position of a
flame within a cell of the computational grid. The volume
fraction f is defined as:
f = 0 the cell contains only reactants
(empty cell)
f = 1 the cell contains only products
(full cell)
0 < f < 1 the cell contains reactants and
products and thus also an inter-
face.
(1)
From the values of the volume fractions in a local
neighborhood the actual position of a flame within a cell
can be calculated. Algorithms for the reconstruction of
interfaces based on this approach were developed, among
others, by Noh and Woodward (1976), Chorin (1989), Hirt
and Nichols (1981) and Poo and Ashgriz (1991). A com-
parison of these four algorithms can be found in Bielert
(1994). Here a one-dimensional version of the SLIC algo-
rithm of Noh and Woodward (1976) is used.
The propagation of the flames is controlled by two
mechanisms: the convective transport of the interface by
the surrounding fluid and the propagation of the interface
relative to the fluid, i.e. the actual burning. Both mecha-
nisms are implemented by separate algorithms which de-
termine the volume fractions f . This approach assures
that changes in topology, which occur when flames merge
or fuel pockets burn out, are automatically taken into ac-
count.
In order to apply these algorithms the flow field and
the propagation velocity of the flame must be known. The
calculation of these quantities is discussed in the next sec-
tions.
3.2 Calculation of the flow field
During combustion a dust-air mixture of reactants with
given mass fractions yRi is transformed into a dust-air
mixture of products with mass fractions yP i. It is as-
sumed that the kinetics of the combustion reactions are
confined to the reaction front so that the mass fractions of
the combustion products can be assumed to remain con-
stant behind the flame as it propagates through the tube.
The product composition thus needs to be calculated only
once for each dust-air mixture considered. As already indi-
cated, this approximation eliminates the need to consider
detailed reaction kinetics and the time consuming solu-
tion of the governing stiff partial differential equations in-
volved. This approach, which has been successfully used in
the numerical calculations of gaseous detonation processes
(Tonello 1995), of course, neglects any reactions which oc-
cur behind the combustion front.
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The composition of the corn starch is taken to be
(C6H10O5)n. Then, assuming complete combustion for the
part of the corn starch which reacts with the oxygen in the
air the governing combustion reaction will be:
(C6H10O5)n + 6nO2 −→ 6nCO2 + 5nH2O (2)
It is assumed that all of the corn starch is consumed in
lean mixtures, while the portion of corn starch consumed
in rich mixtures reacts completely according to the equa-
tion above. The composition of the dust-air mixture in a
cell containing the flame front and hence reactants and
products depends on the volume fraction f and is given by
yi = (1 − f)yRi + fyP i (3)
In order to treat the dust-air mixture as a single phase
it is assumed that the particles and air have the same
velocity and temperature. This implies that the particles
are small and have a high thermal conductivity so that the
temperature within the particles is uniform, and that tem-
perature and velocity gradients are moderate. Essentially
it is assumed that all non-equilibrium effects are confined
to the combustion front which is treated as a disconti-
nuity. As long as the thickness of the actual combustion
front is small compared to the characteristic dimension of
the problem under consideration this will be a reasonable
assumption.
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1 − ys (5)
where ys is the mass fraction of the solids in the mixture.
The change in ys across the front will depend on the frac-
tion of dust in the reactants which is consumed by the
combustion reaction. For a cell containing a mixture of
reactants and products ε is given by
ε = fεP + (1 − f)εR (6)







where for the solid species cpi can be replaced by ci.
The one-dimensional unsteady Euler equations for the





















[(et + p)u] = Ḣ (10)
with




It is assumed that the particles do not contribute to
the pressure. Then assuming an ideal gas, the temperature






The term Ḣ in the energy equation (10) accounts for
heat losses to the surroundings and for additional energy
sources as e.g. the ignition energy.
Ḣ = Ḣign − Ḣwall (13)
Since the duration of the experimentally observed dust
explosions was very short the heat losses to the tube walls
were small and were therefore neglected in the simulation
so that Ḣwall = 0.
The ignition energy is an important parameter in the
experimental study. In order to approximate the actual
ignition process in the simulation, the energy densities in
the experiment and the numerical simulation should be
similar. To satisfy this condition the rate of energy addi-










where Eign is the experimental value of the ignition energy
and d is the tube diameter which was 200 mm in the
experiments. In the simulation the experimental value of
the ignition energy is released during the time interval ∆ti
in one cell of the computational grid.
In the experimental investigation of Vogl (1995) the
dust-air mixture was ignited after a homogeneous dust
distribution was established in the tube. During the com-
bustion process the suction blower was still working thus
influencing the boundary conditions at the downstream
end of the tube. While the dust feeder at the tube entrance
had only a small influence on the resulting flow field, the
cyclone, needed at the tube exit to separate dust and air,
certainly changed the flow exiting the tube. In the numeri-
cal simulation both boundaries were treated in a simplified
form as inflow and outflow boundaries.
During the course of the combustion process there can
be inflow or outflow at both ends of the tube. For outflow
conditions at both ends the pressure was prescribed as
the ambient pressure outside of the tube. The other state
variables on the boundary were taken from the state in
the last cell of the computational grid.
At the tube entrance the initial state was assumed as
the state of the inflowing dust-air mixture. Thus, when-
ever inflow occurred at the tube entrance, unburned dust-
air mixture at ambient pressure and temperature entered
the tube with the prescribed velocity. This boundary con-
dition was sufficient to simulate the effect of the blower in
the experiments.
At the tube exit the state of the dust-air mixture en-
tering the tube in the case of inflow generated by the com-
bustion process is not known. Here it was assumed that
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the dust-air mixture with a composition corresponding to
that in the last cell of the computational grid moved with
the velocity in the last cell but at ambient pressure and
temperature.
The Euler equations (8)–(10) were integrated using a
Godunov method on a cell centered grid. In this proce-
dure fluxes across the cell boundaries are calculated at
an intermediate time level by solving the Riemann prob-
lem at these boundaries. Density is calculated from Eq. (4)
and the temperature from Eq. (12) with the composition
of the mixture for those cells containing the flame front
given by the volume fraction f as indicated above. The
thermodynamic properties of the mixture of reactants and
products are calculated from the given concentrations us-
ing the CHEMKIN package (Kee et al. 1993). As already
noted above, the reactant and product compositions only
need to be calculated once for each fuel/oxidizer mixture.
An exact Riemann solver is used which employs iter-
ative techniques. The slopes of the dependent variables
are limited using the slope limiter of Colella (1985). The
subroutines used here are a modified version of software
developed by Blumenthal (1996) for shock tube calcula-
tions with chemical reactions.
3.3 Calculation of propagation velocity
The use of the front tracking method requires a knowledge
of the propagation velocity of the front. For the turbulent
flames which are tracked in the present model this is the
turbulent burning velocity sb.
Several parameters influence this velocity. The effects
of fuel-oxidizer composition, pressure and temperature can
be summarized in the laminar burning velocity sl. For
gaseous fuels in air these effects have been well docu-
mented (see e.g. Metghalchi and Keck 1980; Metghalchi
and Keck 1982; Garforth and Rallis 1978; Liu et al. 1989).
For dust-air mixtures measurements over a range of dust
concentrations and experimental conditions have been
made by Krause et al. (1996).
It is well known that the laminar burning velocities
observed under quiescent conditions are far exceeded in
the presence of turbulence. The effects of turbulence are
usually accounted for by the use of correlations of the form
sb = f(sl, u′) or sb = f(sl, Reu′).
In calculations for internal combustion engines, how-
ever, it was found that the values of the turbulent burning
velocity given by the usual steady state correlations are
only approached in a finite time since the flame starts
as a small laminar kernel and the turbulence needs time
to wrinkle the flame and increase the flame surface area
(Trautwein 1989; Trautwein et al. 1990; Bielert 1994). This
effect was taken into account by introducing an additional









(1 − exp(−k2slt)) (15)
The parameter k1 essentially controls the magnitude of
the influence of turbulent fluctuations on the final value of
the turbulent burning velocity. The parameter k2 deter-
mines how rapidly this final value of the turbulent burning
velocity is approached.
In the case of internal combustion engines, for which
Eq. (15) was originally developed, turbulence measure-
ments have shown that the turbulence intensity is approx-
imately constant during the combustion process. The tur-
bulence induced during the intake stroke decays after the
inlet valves close but this decay is counteracted by the ef-
fects of the compression stroke. The situation is somewhat
different in dust conveyors in which the dust-air mixture is
initially moving at a constant velocity which also implies
a constant turbulence level. However, as an explosion is
initiated in the conveyor tube the expanding combustion
products induce a strong displacement flow which results
in a temporal increase in the turbulent intensity. Thus the
effect of changes of turbulent intensity during the combus-
tion process had to be included in the empirical expression
for the propagation velocity of the turbulent flame front.
For steady flow through pipes several investigations have
shown that the r.m.s. value of turbulence is proportional
to the mean flow velocity (Laufer 1953; Ramaprian and
Tu 1983; Tsuji and Morikawa 1982; Tsuji et al. 1984; Tu
and Ramaprian 1983). Unfortunately similar experimental
data for unsteady pipe flow with chemical reactions is diffi-
cult to find. In the present simplified simulation the r.m.s.
value of the turbulent velocity fluctuation was therefore
assumed to be a constant fraction of the local flow veloc-
ity:
u′ = 0.2|ū| (16)
3.4 Determination of model parameters
The equation for the turbulent burning velocity sb
adopted here contains two model parameters k1 and k2
which must be determined from a calibration of the model
with experimental data. A simple optimization method is
used to select values for these model parameters.
The experimental data used for the calibration
included pressure traces at fixed measuring ports, flame
arrival times and average flame velocities and the vari-
ation of pressures with position along the tube axis. In
the numerical simulations, pressure histories are stored at
positions corresponding to the measuring ports in the ex-
periment. The simulated pressure and flame front data is
processed in the same way as in the experiments in order
to produce consistent interpretation. For each experimen-
tal data point there is then a corresponding numerical
data point. The average of the squares of the differences
between the simulated and measured data then provides
a measure of the quality of the simulation. Since differ-
ent data sets are used for the quality function defined be-
low, the data must be non-dimensionalized by appropriate
reference values. A quality function Q characterizing the






























Fig. 3. Model parameter k1 as function of dust concentration
Here ze are experimental values, zs are values from the
numerical simulation and zr are reference values.
A non-sequential factorial search in the parameter
space given by the model parameters k1 and k2 was then
performed to find a local minimum of the quality function
Q. A set of experiments with the same tube parameters
(D = 200 mm, L = 40 m) and the same initial flow veloc-
ity of 20 m/s but with different dust concentrations was
selected as reference data for the calibration. The dust-air
mixtures in this set were all ignited in the center of the
tube. The above optimization procedure was performed
for each experiment of the set.
The model parameter k2, which characterizes the rate
of transition from laminar to turbulent flame propagation,
was found to be independent of the dust concentration.
However, the model parameter k1 which relates the fi-
nal turbulent burning velocity to the turbulent intensity
decreased with increasing dust concentration. This result
suggests that the dust had a damping effect on turbu-
lent flame propagation, a result which is, perhaps, not
surprising. The values of k1 resulting in a minimum in
the quality function Q are shown in Fig. 3 as function of
the initial dust concentration. This figure also shows addi-
tional values of k1 used for dust concentrations for which
no calibration with experimental data was performed. The
effects of variations in the values of k1 and k2 on the sim-
ulation results are discussed in more detail below.
4 Results
4.1 Comparison with experimental data
Once the model parameters for the corn starch-air mix-
tures were determined, numerical simulations were per-
formed for situations for which experimental data were
also available. The experimental investigation of Vogl
(1995) identified two extreme conditions for dust explo-
sions in long tubes. The most severe explosions with high
overpressure and detonation-like flame propagation occur
when the dust-air mixture is ignited near the middle of
the tube. Only weak explosions with small overpressures
are observed when the mixture is ignited near the tube
inlet. In this latter situation the combustion products are
almost immediately and effectively vented at the end of
the tube and the combustion process is then dominated
by relatively large flame generated pressure oscillations.
In Fig. 4 pressure histories at six locations along the
tube axis are shown for a dust explosion with ignition
near the tube entrance. The tube is 40 m long and the
initial flow velocity is 25 m/s. The dust concentration is
200 g/m3. The experimental pressure histories are shown
as solid lines and the numerical results as dashed lines. At
the first five probe positions the general behavior of the
local pressure variation is captured reasonably well. Major
pressure extrema with the correct amplitude and timing
are reproduced by the simulation. However, the oscilla-
tions in the numerical simulation are more pronounced;
the peaks are sharper and additional oscillations of higher
frequencies are observed. The finite diameter of the tube
in the experiments allows pressure waves to travel in both
axial and radial directions and thus to interfere with one
another resulting in a broadening and smoothing of the
pressure profiles. In essence, the actual flow is not truly
one-dimensional. Pressure waves are diffracted when they
are reflected at the end of the tube and viscosity damps
the propagating waves. In the one-dimensional model all of
these effects are neglected, resulting in more pronounced
oscillations. At the last probe position, 2 m ahead of the
tube exit, the amplitude of the pressure oscillations in the
experiment decreases compared to that at the other probe
positions. This attenuation is attributed to the cyclone
separator which is connected to the tube in the experiment
and which acts as a large cavity to damp the pressure os-
cillations. In the idealized boundary conditions used in the
numerical simulation the pressure waves are reflected from
the tube ends without damping. As a result the agreement
between experiment and simulation becomes worse near
the tube exit.
Figure 5 compares pressure histories for dust explo-
sions which were ignited near the tube entrance at differ-
ent flow velocities. The tube is 60 m long and different
dust concentrations were used for the different runs. The
experimental data, plotted as solid lines, show increasing
amplitudes of oscillation with increasing initial flow ve-
locity. For a given flow velocity the amplitudes are higher
at a downstream position of 48 m than near the ignition
location. The numerical simulation captured the general
trends, and the simulated pressure histories show similar
pressure amplitudes to those from the experiments. How-
ever, the details of the pressure histories from the simu-
lation and experiment differed from each other (because
the flow was turbulent).
For the cases with end ignition shown in Figs. 4 and
5 the maximum pressures were all below 1.4 bar. When
the dust-air mixture is ignited in the middle of the tube
the combustion process proceeds more violently with max-
imum pressures around 20 bar and much faster flame prop-
agation. Typical pressure variations are shown in Fig. 6
for a dust concentration of 200 g/m3 and an initial flow




































































































Fig. 4. Comparison of measured and calculated pressure histories at different positions in the tube, DN200, L = 40m, v =
25m/s, cd = 200 g/m3, ignition near tube entrance, experimental data from Vogl (1995)
velocity of 20 m/s. The corn starch-air mixture was ig-
nited at the center of a 40 m long tube and pressure his-
tories are given for five positions downstream of the igni-
tion point. Experimental data is again depicted as solid
lines and data from the numerical simulation as dashed
lines. Close to the ignition location only a small and slow
pressure rise is observed in the experiment and the simu-
lation. With increasing distance from the ignition location
the rate of pressure rise increases and the maximum pres-
sure reaches higher levels. The numerical simulation shows
a pressure maximum which is moving downstream and be-
coming narrower with higher peak values. The location of
this maximum coincides with the pronounced pressure rise
observed in the experiment. At the first three locations the
experimental pressure continues to increase even after the
simulated pressure has reached a maximum value. These
differences are probably caused by the influence of the cy-
clone on the experimental flow field. However, as the pres-
sure peak develops into a shock, and the flame accelerates
to supersonic velocities, the influence of the boundary con-
132 U. Bielert, M. Sichel: Numerical simulation of dust explosions in pneumatic conveyors
15 m/s, 100 g/m3
2 m
15 m/s, 100 g/m3
48 m
20 m/s, 150 g/m3
2 m
20 m/s, 150 g/m3
48 m
30 m/s, 250 g/m3
2 m


































































































Fig. 5. Comparison of measured and calculated pressure histories for different initial conditions, DN200, L = 60m, ignition
near tube entrance, experimental data from Vogl (1995)
ditions outside of the tube decreases. At the 39 m position
the simulated and measured pressure profiles are in close
agreement. Thus it can be assumed that for centered igni-
tion the situation near the tube exit, where the maximum
velocities occur, is described with sufficient accuracy by
the simplified boundary conditions described above.
Figure 7 shows flame arrival times at different probe
positions for a tube of 40 m length at the top and for
a 48 m long tube at the bottom. Data for different initial
flow velocities and different dust concentrations are shown
in both diagrams. Experimental data are denoted as sym-
bols, data from the numerical simulation as continuous
curves. Early in the combustion process there are some
differences between experiment and simulation. For later
times closer to the end of the tube the numerical curves lie
within the scatter of the experimental data. This agree-
ment is consistent with the agreement between measured
and computed pressures near the end of the tube as ob-
served in Fig. 6. The rapidly propagating flames moving
downstream are captured more effectively than the slower





























































Fig. 6. Comparison of measured and calculated pressure his-
tories, DN200, L = 40m, v = 20m/s, cd = 200 g/m3, ignition
at tube center, experimental data from Vogl (1995)
propagating upstream flames. The effect of flow velocity
on the flame propagation is very well reproduced by the
numerical model.
4.2 Influence of model parameters k1 and k2
The comparison of experimental data with results from
numerical simulations indicates that the numerical simu-
lation described above with the appropriate choice of the
model parameters k1 and k2 is capable of reproducing the
major effects observed in the experimental investigation
of Vogl (1995). For confident use of these parameters, and
to obtain a more complete insight into the character of
the numerical model it is, however, still desirable to in-
vestigate the effects of variations of these parameters on
the resulting simulated flame propagation. Results of such
parameter variations are shown in Figs. 8 to 11 for a 40
m long tube with an initial flow velocity of 20 m/s and a
dust concentration of 200 g/m3.
The dependence of variation of flame position with
time on the parameters k1 and k2 is shown in Fig. 8 for
ignition near the tube entrance. The top plot shows the
effect of k1 on the flame trajectory for a fixed value of
k2 = 300 m−1, the value used in the calculations described



































Fig. 7. Comparison of measured and calculated flame positions
for different tube lengths, flow velocities and dust concentra-
tions. DN200, ignition at tube center, experimental data from
Vogl (1995)
too weak to propagate against the inflowing dust-air mix-
ture and so is convected downstream with the initial flow.
With increasing values of k1 the flames become faster and
stronger so that the upstream propagating flame can exit
the tube. For the downstream propagating flame the influ-
ence of the parameter k1 is much less; however, increasing
values of k1 result in increasing oscillations in the flame
velocity.
The flame accelerates smoothly for k1 < 3.0. Since the
flame is then not strong enough to produce strong pressure
waves which are reflected at the tube ends and then inter-
act with the flame. For k1 ≥ 8.0 the downstream propa-
gating flame finally develops into a detonation. The pres-
sure waves generated by the flame can steepen into shock
waves and the resultant flame-shock complex then propa-
gates through the tube as a detonation-like structure. In
the intermediate range of k1 values the interactions of the
flame with reflected pressure waves become dominant. The
flame position at a given time now strongly depends on
the complete history of the flame-pressure wave interac-
tions, and the curves for different values of k1 intersect fre-
quently. This behavior is almost completely independent
of the parameter k2 as can be seen in the bottom part of

















































Fig. 8. Position time histories for various combinations of the
model parameters k1 and k2. Top: variation of k1 for k2 =
300m−1. Bottom: variation of k2 for k1 = 7.0. DN200, L =
40m, v = 20m/s, cd = 200 g/m3, ignition near tube entrance
Fig. 8. Here the parameter k2 was varied for a fixed value
of k1 = 7.0. All curves show similar oscillations. As the
flame progresses further downstream the curves become
more distinct as the differences between their trajectories
increase. However, these differences in the flame propa-
gation are local and have only a small influence on the
overall process.
Figure 9 shows the maximum pressures and average
front velocities which were computed for different com-
binations of k1 and k2. The two plots at the top show
data for the same parameter combinations as in Fig. 8.
The two plots at the bottom show a 3-D representation of
these parameters for a wider range of parameter combi-
nations. The average front velocity is calculated over the
whole distance the flame travels from the ignition point to
the tube exit. For values of k1 < 8 the pressure increases
only slightly with increasing k1 and decreases slightly with
increasing k2. A maximum pressure below 2.0 bar can be
expected for this range of parameters. For larger values of
k1 pressures of the order of 14 bar were reached. The av-
erage front velocity is, as already indicated by Fig. 8, not
significantly influenced by the parameter k2. The values of









































































































Fig. 9. Maximum pressure and average front velocity as func-
tion of the model parameters k1 and k2. DN200, L = 40m,
v = 20m/s, cd = 200 g/m3, ignition near tube entrance
some scatter and seem to decrease slightly with increasing
k1. However, for values of k1 > 8 the average front veloc-
ities increase indicating a change in the character of the
solution.
The effects of parameter variations discussed so far
were calculated for ignition near the tube entrance. Sim-
ilar calculations were performed for the same parameter
combinations and initial conditions, but for ignition at
the tube center. These results are shown in Figs. 10 and
11. The flame position data shown in Fig. 10 indicates a
more pronounced dependence on both model parameters
k1 and k2. With increasing values of k1 both flames propa-
gate faster relative to the moving fresh mixture and reach
the ends of the tube earlier. The final slopes of the flame
position curves decrease with increasing k1 indicating an
increase in the average front velocities. The flame position
curves for different values of k2 with fixed k1 show that the
flame accelerates to the same final velocity more rapidly
with increasing k2.






















































Fig. 10. Position time histories for various combinations of
the model parameters k1 and k2. Top: variation of k1 for k2 =
300m−1. Bottom: variation of k2 for k1 = 7.0. DN200, L =
40m, v = 20m/s, cd = 200 g/m3, ignition at tube center
The flame trajectories are relatively smooth indicat-
ing that flame pressure wave interactions play a less im-
port role with central ignition. This result is not surprising
since central ignition results in higher flame propagation
velocities and generates higher pressures than for end ig-
nition. Consequently the relative effect of flame generated
pressure perturbations is significantly less.
The maximum pressure and the average front velocity
for these calculations are shown in Fig. 11. Both pmax and
vfl now increase with increasing k1 and k2. It should be
noted that the front velocities are now much higher than
in the end ignition case.
4.3 Influence of dust concentration, flow velocity
and tube length
The validated numerical model described above now
makes it possible to study dust conveyor explosions for
values of the governing parameters beyond those consid-
ered in the experiments used for validation. The above
model is now used to conduct “numerical experiments”
to study the effects of dust concentration, initial conveyor
































































































Fig. 11. Maximum pressure and average front velocity as func-
tion of the model parameters k1 and k2. DN200, L = 40m,
v = 20m/s, cd = 200 g/m3, ignition at tube center
The influence of dust concentration on the flame prop-
agation in a 40 m long tube for an initial velocity of 20
m/s was investigated for both ignition locations. Calcula-
tions were performed for dust concentrations ranging from
25 g/m3 to 400 g/m3. Figure 12 shows the flame position
data, the maximum pressures and the average front veloc-
ities calculated for ignition near the tube entrance. The
highest flame speed was observed for the leanest mixture
with a dust concentration of 25 g/m3. Between 25 g/m3
and 125 g/m3 the average front velocity decreases and the
combustion duration consequently increases. The flame
position data for all dust concentrations above 75 g/m3
fall into one relatively narrow band where the curves for
different dust concentrations frequently intersect. The un-
steady propagation of the front indicates the importance
of flame pressure wave interactions for all but the leanest
mixtures. The average front velocities, shown in the lower
half of Fig. 12, are almost constant near the stoichiomet-
ric concentration of 200 g/m3 and have a local maximum


































































Fig. 12. Variation of dust concentration. DN200, L = 40m,
v = 20m/s, ignition near tube entrance
near a concentration of 325 g/m3. The maximum pressure
shows a large scatter with values between 1.3 and 1.7 bar.
Mixtures close to stoichiometric do not result in more vio-
lent flame propagation, suggesting that maximum energy
release seems not to be the controlling parameter. This
behavior may be related to the increased density of the
dust suspension for the richer mixtures.
For ignition at the center of the tube the results were
different. Here, because of confinement, the energy re-
leased by the chemical reactions is fully used to accelerate
the combustion process. A higher energy release thus re-
sults in a more severe explosion. Results for centered igni-
tion are shown in Fig. 13. The flame trajectories are now
distinct, and the flame speed increases as the dust concen-
tration approaches stoichiometric conditions. A maximum
pressure of almost 16 bar was calculated for the stoichio-
metric mixture (200 g/m3). The maximum pressure for
the leanest mixture (25 g/m3) is only little above 1.0 bar,
suggesting the approach to the lean dust explosion limit.
For the rich mixtures the maximum pressure, while be-
low the stoichiometric value, still remains at a significant
level. This behavior can be explained by the well-known
fact that dust-air mixtures have extremely high rich ex-
plosion limits since the fuel occupies only a very small






























































Fig. 13. Variation of dust concentration. DN200, L = 40m,
v = 20m/s, ignition at tube center, experimental data from
Vogl (1995)
In Fig. 13 experimental data from Vogl (1995) has been
included as symbols in the flame position plots. The cal-
culated flame trajectories are in excellent agreement with
the available experimental data for the downstream prop-
agating flames.
Variation of the initial flow velocity should also have a
large influence on the flame propagation for both ignition
locations as has already been observed in Figs. 5 and 7.
A systematic study of the effects of the variation of the
initial flow velocity was performed for a tube length of
40 m and a dust concentration of 200 g/m3. For ignition
at the tube entrance the results are shown in Fig. 14. With
increasing initial flow velocity the propagation velocity of
the flame can be seen to increase. The flames accelerate
only moderately and show some interactions with pressure
waves. For velocities below 30 m/s the maximum pres-
sures remain below 2.0 bar and the average front velocity
increases almost linearly with the initial flow velocity. For
higher initial flow velocities maximum pressures increase
to above 14 bar and the variation of the front velocity
with the initial flow velocity is no longer linear. The re-
sults of the corresponding calculations for central ignition
are plotted in Fig. 15. For a given flow velocity, the max-
imum acceleration of the flames is now much larger. Es-
pecially for the case of a mixture which is quiescent prior






















































Fig. 14. Variation of flow velocity. DN200, L = 40m, cd =
200 g/m3, ignition near tube entrance
to ignition the flame initially propagates very slowly and
a relatively large fraction of the total combustion time
elapses before the flames finally accelerate. With increas-
ing flow velocity there is an increasing difference between
the corresponding upstream and downstream flames. The
maximum pressure and the average front velocity increase
almost linearly with the initial flow velocity over the entire
parameter range.
Finally calculations were performed for different tube
lengths ranging from 10 to 100 m for a flow velocity of 20
m/s and a dust concentration of 200 g/m3. Results for
ignition near the tube entrance are shown in Fig. 16. The
flames propagate slightly faster in shorter tubes as can be
seen from the flame trajectories. However, the variation of
the average front velocities with the tube length does show
some scatter. The tube length is an important parameter
for the feedback mechanism between the flames and the
pressure waves so that changes in the tube length should
result in some variations. The maximum pressure, which
remains below 1.5 bar, increases with the tube length. For
central ignition, for which results are shown in Fig. 17,
there is insufficient time in the shorter tubes for the forma-
tion of a detonation-like structure. The maximum pressure
increases significantly with tube length (for tubes shorter

























































Fig. 15. Variation of flow velocity. DN200, L = 40m, cd =
200 g/m3, ignition at tube center
a high velocity flame is established resulting in a large
increase in the maximum pressure to about 20 bar. Be-
yond 50 m the pressure remains approximately constant
at about 22 bar. The flame trajectories, which are also
shown in this figure, provide an explanation for this be-
havior. For the shorter tubes there is never enough time for
a significant increase in flame velocity. However, as soon
as the tube exceeds a critical length a transition occurs to
a detonation-like front moving with a constant speed. The
average front velocity is calculated over the entire flame
path; consequently, the average velocity increases linearly
with the tube length.
5 Discussion and conclusions
A numerical model employing a front tracking method
was applied to the study of turbulent flame propagation
in dust conveyors. The model explicitly tracks the leading
edge of the turbulent reaction zone. The front tracking
method takes into account the convective transport of the
flame due the flow of the dust-air mixture and the prop-
agation of the flame with the turbulent burning velocity
relative to the reactants. The flow field is calculated using


































































Fig. 16. Variation of tube length. DN200, v = 20m/s, cd =
200 g/m3, ignition near tube entrance
a Godunov method to solve the Euler equations. For the
dust-air mixture equilibrium between the gas and particle
phases was assumed so that the dust-air mixture could be
treated as a single phase. The turbulent burning velocity
was represented by a global model which takes into ac-
count the influence of the fuel/air mixture, the turbulence
intensity and time.
A simple optimization technique was used to determine
two free parameters of the model by comparing numerical
results to experimental data for corn starch-air mixtures.
It was found that the parameter k2 could be assumed con-
stant for corn starch-air mixtures. The parameter k1 was
found to be a function of dust concentration.
Additional calculations with these fixed model param-
eters were then performed and the numerical results were
compared to experimental data. These calculations veri-
fied that the numerical model captured the major effects
of turbulent flames propagation in dust-air mixtures un-
der the conditions corresponding to those in dust convey-
ors. However, due to factors neglected in the simplified
approach of the one-dimensional model, not all details of
the experimental results could be reproduced.
The two different explosion processes which were ob-
served in experimental investigations (Vogl 1992, 1995,
1996), namely the development of a detonation-like re-






























































Fig. 17. Variation of tube length. DN200, v = 20m/s, cd =
200 g/m3, ignition at tube center
the explosion with a slower moving oscillating front in the
case of ignition near the tube entrance, could both be re-
produced with the same set of model parameters.
The effects of the model parameters on the results of
the numerical simulations were discussed. It could be ver-
ified that the numerical results depend in a predictable
way on the model parameters.
The numerical model was then used to calculate the ef-
fects of variations of dust concentration, initial flow veloc-
ity and tube length for corn starch-air mixtures for both
tube entrance and centered ignition conditions. The re-
sults of these calculations, which required only a modest
computational effort, were consistent and provided an ex-
ample of how a relatively simple but validated numerical
scheme can be used to estimate burning and explosion pa-
rameters in dust conveyors over a wide range of operating
conditions.
Here only calculations with corn starch-air mixtures
were performed. But the approach can easily be applied
to other dust-air mixtures, particularly since the need to
consider detailed reaction kinetics is avoided by assuming
that all kinetic processes occur only across the flame front.
In the present simulations the influence of the tube diam-
eter and wall boundary layer on the explosion process was
not considered.
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The front tracking method as well as the Godunov
method have successfully been tested in two-dimensional
applications. Therefore it seems promising to also extend
the present combination of the two methods to the so-
lution of two-dimensional problems. Such a model would
then allow simulations of flames propagating through
equipment with complex geometries. Configurations con-
sisting of different vessels and connecting tubes could be
studied efficiently with such a numerical tool.
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